The G-quadruplex (G4) elements comprise a class of nucleic acid structures formed by stacking of guanine base quartets in a quadruple helix. This G4 DNA can form within or across single-stranded DNA molecules and is mutually exclusive with duplex B-form DNA. The reversibility and structural diversity of G4s make them highly versatile genetic structures, as demonstrated by their roles in various functions including telomere metabolism, genome maintenance, immunoglobulin gene diversification, transcription, and translation. Sequence motifs capable of forming G4 DNA are typically located in telomere repeat DNA and other non-telomeric genomic loci. To investigate their potential roles in a large-genome model plant species, we computationally identified 149,988 non-telomeric G4 motifs in maize (Zea mays L., B73 AGPv2), 29% of which were in non-repetitive genomic regions. G4 motif hotspots exhibited non-random enrichment in genes at two locations on the antisense strand, one in the 5 0 UTR and the other at the 5 0 end of the first intron. Several genic G4 motifs were shown to adopt sequence-specific and potassium-dependent G4 DNA structures in vitro. The G4 motifs were prevalent in key regulatory genes associated with hypoxia (group VII ERFs), oxidative stress (DJ-1/GATase1), and energy status (AMPK/ SnRK) pathways. They also showed statistical enrichment for genes in metabolic pathways that function in glycolysis, sugar degradation, inositol metabolism, and base excision repair. Collectively, the maize G4 motifs may represent conditional regulatory elements that can aid in energy status gene responses. Such a network of elements could provide a mechanistic basis for linking energy status signals to gene regulation in maize, a model genetic system and major world crop species for feed, food, and fuel.
INTRODUCTION
The G-quadruplex (G4) elements are non-duplex four-stranded nucleic acid structures that can form in DNA or RNA (Simonsson, 2001; Burge et al., 2006; Qin and Hurley, 2008; Huppert, 2010; Yang and Okamoto, 2010; Bochman et al., 2012) . These G4s can form within one strand to produce an intra-molecular element made of planar stacks of guanine quartets in which each quadruplex has four strands and three loops. The ability to form G4 elements is known to be a characteristic of the G-rich strand of telomere repeat sequences for most eukaryotic species (Sen and Gilbert, 1988; Sundquist and Klug, 1989; Williamson et al., 1989) . Roles for G4 elements in telomere metabolism, DNA replication, genome stability, and meiotic nuclear architecture are widely conserved across eukaryotic kingdoms (Blackburn et al., 2006) , and telomere length homeostasis in animals is known to be affected by stress and aging (reviewed in Armanios and Blackburn, 2012; Blackburn and Epel, 2012) . More recently, non-telomeric G4 motifs distributed throughout the genome at internal chromosomal sites have been shown to affect a vast array of genetic functions, including transcription, translation, replication, recombination, and DNA repair (Bochman et al., 2012; Maizels and Gray, 2013) . The genomic distribution of G4 motifs in and around genes has prompted numerous investigations into their possible roles as cis-acting regulatory elements (Huppert and Balasubramanian, 2005; Todd et al., 2005; Burge et al., 2006; Maizels, 2006, 2008; Maizels, 2006; Hershman et al., 2008; Du et al., 2009; Bochman et al., 2012) . Finding G4 motif enrichment in the promoters of mammalian genes involved in cell-cycle control and cancer progression suggests a fundamental role for G4 in cell growth and development (Huppert, 2007; Qin and Hurley, 2008; Brooks and Hurley, 2009; Yang and Okamoto, 2010; Beckett et al., 2012; Juranek and Paeschke, 2012; Weng et al., 2012; Cahoon and Seifert, 2013; Yuan et al., 2013) .
A well-characterized example of G4 DNA influence on transcription is found in the promoter of the c-MYC protooncogene, where the hypersensitive site NHEIII 1 was shown to require G4 formation for functional regulation in vitro and in vivo (Siddiqui-Jain et al., 2002) . Subsequent studies implicated G4 DNA elements in transcriptional regulation of other cancer genes, such as KRAS (Cogoi and Xodo, 2006) , cmyb (Palumbo et al., 2008 ), c-kit (Fernando et al., 2006 , VEGF (Guo et al., 2008) , PDGFR-b (Qin et al., 2010) , HIF-1a (De Armond et al., 2005) , bcl-2 (Dexheimer et al., 2006) , Rb (Xu and Sugiyama, 2006) , RET (Guo et al., 2007) and hTERT (Palumbo et al., 2009) . Ongoing pharmacological (Chen and Yang, 2012) , mutational (Pontier et al., 2009) , and evolutionary research (Verma et al., 2009 ) into possible G4 DNA functions provides new opportunities for development of G4-targeted drugs to treat certain human diseases Hurley, 2009, 2010; Yang and Okamoto, 2010) . Presence of G4 DNA is also involved in other diverse biological processes including DNA repair and helicase-associated genome modifications (Chinnapen and Sen, 2004; Huber et al., 2006; Clark et al., 2012) . Importantly, advances in the ability to detect G4 DNA in fixed and living cells have borne out predictions of in vivo G4 DNA occurrence and its functional significance (Biffi et al., 2013; Lam et al., 2013; Henderson et al., 2014) .
Genome-wide computational screens for G4 motifs have revealed their widespread occurrence in prokaryotic and eukaryotic species including E. coli, budding yeast, and humans (Todd et al., 2005; Rawal et al., 2006; Du et al., 2008; Halder et al., 2009; Capra et al., 2010; Eddy et al., 2011; Todd and Neidle, 2011) . These studies enabled species-specific and comparative genomic analyses of potential G4 functions, revealing evidence for both conservation and divergence of certain G4 DNA functions (Huppert and Balasubramanian, 2005; Kikin et al., 2006; Verma et al., 2008; Yadav et al., 2008; Mani et al., 2009; Stegle et al., 2009; Wong et al., 2010; Clark et al., 2012; Menendez et al., 2012; Maizels and Gray, 2013) . Only a few of these analyses include representatives of the plant kingdom (Mullen et al., 2010; Takahashi et al., 2012; Lexa et al., 2014) .
Investigations in plant species offer wide eukaryotic comparisons as well as the potential for identification of genetic processes that directly impact traits of global importance in food, fuel, and biomass production. Initial research into plant G4 motifs focused on these elements in Arabidopsis transcriptomes (Mullen et al., 2010) , the genomes of other plant species (Takahashi et al., 2012) , and LTR (long-terminal repeat) retrotransposons (Lexa et al., 2014) . A comparative survey of G4 motifs in several plant species revealed that plant G4 motifs are often located on the template strand near the transcription start site (TSS) of genes, whereas gene ontology analysis uncovered G4 associations with the terms chloroplast, nucleus, and histone (Mullen et al., 2010; Takahashi et al., 2012) . Among the model plant species, maize has a rich history of genetic discoveries regarding transmission genetics, telomere functions, mobile DNA elements, epigenetics, and genetic diversity (reviewed in Bennetzen and Hake, 2009 ). The ten-chromosome maize genome ranges in size from 2.45 pg (w2.3 Gb) to about 3.35 pg (w3.2 Gb) among different inbred lines (Laurie and Bennett, 1985) . The inbred B73 has been sequenced (B73 RefGen_v2) with a current assembly length of w2.1 Gb (Schnable et al., 2009) . To systematically examine the occurrence and conservation of G4 motifs in this model plant species, we used a bioinformatic screen to identify over 43,000 G4 motifs in the non-repetitive fraction of the genome. Here we analyze the distribution of maize G4 motifs, and discuss the possible roles of G4 DNA as cis-regulatory elements in genes responsive to energy status.
RESULTS

Genome-wide computational survey for G4 motifs in maize
We analyzed the entire maize genome using the conservative and commonly employed G4 motif consensus settings for the Quadparser software, G 3þ L 1-7 (Huppert and Balasubramanian, 2005) . This conservative definition of a G4 motif is defined by the presence of four runs of guanines (3 or more Gs per run) separated by intervening (loop) sequences from one to seven of any base, a motif referred to as G 3 L 1-7 (Huppert and Balasubramanian, 2005) . G4 motifs matching this consensus have been shown to be likely to form stable G4 structures in vitro (Hazel et al., 2004; Bugaut and Balasubramanian, 2008) . Sequence searches using less stringent consensus sequences, such as longer loops or shorter runs of guanines result in identification of even longer lists of G4 motifs (Bourdoncle et al., 2006; Mullen et al., 2010) . We identified and named nearly 150,000 G4 motifs, averaging 27 bases in size (summarized in Fig. 1 ). Each G4 sequence motif was given a unique identification (G4v2-1, G4v2-2, etc.) and defined by the chromosome number, bp coordinates within the B73 AGP_v2 sequence build, and strand (compiled in Table  S1 ). The G4 motifs showed a global relative density of 74/ Mb, but nearly twice that amount in the repeat-masked, nonrepetitive portion of the maize genome (Fig. 1A) . The RefGen_v2 build of the whole maize genome consists of 2.07 billion base pairs of which 1.2% is composed of gap sequence (a fixed number of N's that defines the type of gap between sequence contigs) and 83% is composed of repetitive elements. A large number of G4 motifs were detected in repeated sequences, including clustered patches of G4 motifs on the same strand (6910 G4 motif patches listed in Table S2 ). The analyses reported here are limited to the repeat-masked low copy-number sequence regions of the maize genome, as described in the Materials and Methods.
Over 43,000 G4 motifs remained after repetitive sequences were masked out of the analysis. Of these, nearly 12,000 G4 motifs were associated with gene models (see Table S3 for a list of all gene models with their respective G4 motifs). Among the 39,570 canonical transcripts from the high-quality filtered gene set (see Materials and Methods), 9572 have one or more G4 motifs. We examined the location of these motifs in genes that were segmented into various structural components and boundary areas (Fig. 1B) . Using TSS-aligned, geneaverage plots of G4 motifs, normalized per Mb of each segment, we found that the highest G4 motif density mapped to the first 100 bp downstream of the TSS (segment A in Fig. 1C ). In this region, G4 motif density peaked at about 500 G4 motifs per Mb, nearly 10 times more abundant than that of the whole genome, and four times more abundant than that of the repeat-masked genome. The next highest G4 motif density was in segment "B", 100À300 bp downstream of the TSS. This segment includes varying amounts of gene structural elements including introns and coding sequences. The third highest G4 motif density was in segment "Z", in the first 100 bp just upstream of the TSS, where densities exceeded 350 G4 motifs per Mb of sequence. The G4 motif density in this TSS proximal region is approximately four times greater than that in the overall masked genome space, suggestive of a role for these sequences in regulating some aspect of gene expression.
G4 motif hotspots map to regulatory regions for gene expression
Having established that maize G4 motifs are enriched at genes relative to genomic DNA, we looked more closely at the locations of these elements in relation gene structural features. Takahashi et al. (2012) showed that the TSS region of the template strand was a hotspot for G4 motifs in four plant species: Arabidopsis, grape, rice, and poplar. If that location were generally conserved across other plant species, we would expect a similar TSS G4 motif hotspot in maize. We examined this possibility in detail along with two other gene structure boundaries, as summarized in Fig. 2 . The segments of a schematic intron-containing gene ( Fig. 2A) show the three boundaries around which averaged trend plots are diagrammed (Fig. 2BÀD) . The three boundaries were defined by the TSS (Fig. 2B , using the canonical transcript and orienting all genes in the same direction), the first exon-intron boundary ("ExonIntron", Fig. 2C ), and the start of the open reading frame on the mRNA ("AUG", Fig. 2D ), as defined by the start codon of the canonical transcript model. To address the question of bulk G-richness as contributing to site-specific G4 motif abundance, we also simulated a set of 40,000 genes with randomized sequences. These simulations were produced by 
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-1000 -100 -300 Fig. 1 . G4 motif densities in specific genomic regions. A: Histogram represents average number of G4 motifs per Mb for the B73 RefGen_v2 (Whole genome, gray), the B73 RefGen_v2 assembly masked to remove repetitive elements (Masked genome, black) for entire maize genome, including both gene space and non-gene space. B: Schematic of geneassociated segments analyzed. Segments XÀZ represent binned regions upstream of the transcription start site (TSS) and segments AÀC represent regions downstream from the TSS. For example, segment X represents sequences in the region between 1000 and 300 bp upstream of the TSS, and segment A represents sequences in the region between 1 and 100 bp downstream of the TSS. C: Histogram illustrating the G4 motif density in each gene segment defined in Fig. 1B . Values for each segment represent the average density computed overall genes in the Masked Genome (aligned relative to the TSS).
random sampling from nucleotide position-and strand-specific base frequency tables empirically derived from the filtered gene set (n ¼ 39,570). Observation versus prediction (Fig. 2BÀD , left versus right plots) comparison showed that G4 motifs were enriched in the antisense (template) strand at the 5 0 UTR and 5 0 end of intron 1. These enriched G4 motif hotspots were not explained by base composition alone, even when strand information was preserved. From these analyses, it appears that regional stretches of G content over 30% are sufficient to cause detectable G4 motifs in the randomized sequence simulations. Similarly, but on a smaller scale, we observed enrichment for G4 motifs on the mRNA (sense strand) around the ORF start codon boundary (Fig. 2D) .
To further analyze groups of genes with G4 motifs in specific locations, we segmented the peaks in the G4 motif trend plots according to their location and strand to produce a total of Schematic of gene structure and boundary definitions for three boundaries analyzed by comparing observed expected G4 motif frequencies. A: The three boundaries are the transcription start site (TSS), the translation start site (AUG, start codon), and the first exon-intron boundary (Exon-Intron). The TSS arrow denotes the direction of transcription, and the segments of the schematic gene (5 0 UTR, ORF, intron, 3 0 UTR) are labeled. The abundance of G4 motifs at specific positions are plotted as the total number of G4 motifs that overlap each base for the observed (39,570 filtered gene set) or expected (40,000 simulations e see Materials and Methods) set of sequences. The G4 motif abundance was plotted for each strand-specific colors for the TSS (B) boundary and the 1st Exon-Intron (C) boundary, or for the coding/sense strand for the mRNA AUG (D) boundary. For each plot, the featured boundary is depicted by a vertical dashed line in the center of the plot, with base pair distances (x axis) indicated. Peaks selected to make gene lists (Lists 1À5) are delimited by brackets, defined in the results, totaled in parentheses, and recorded in Tables S3 and S4. 5 lists of genes for subsequent analysis (Fig. 2, Lists 1À5 ). These G4 motif hotspots are respectively denoted "A5U" for antisense, 5 0 UTR, and "A5I1" for antisense, 5 0 end of intron 1. Together, they account for the vast majority of genic G4 motifs, with over 4000 maize genes (10% of the maize genome) having at least one these two antisense G4 motif motifs. The G4 motifs in the predicted mRNA were denoted "AUG" for their proximity to the start codon and their presence in the mRNA transcript. We observed 481 maize genes with AUG G4 motifs by this criterion, and though fewer in number, these elements are interesting because of their potential to impact translational regulation. The "A5U-List 1" genes were a subset of the "A5U-List 2" genes, which collectively account for a remarkable 9.5% (3769 total) of all maize genes in the filtered gene set (39,570 total). In addition, 596 genes contained a G4 motif within the first 50 bases of intron 1 (A5I1-List 3). The genes with AUG-proximal G4 motifs also numbered in the hundreds À222 genes in AUG-List 4 and 259 genes in AUG-List 5. The identity of the genes for the 5 lists reveals that some genes contain more than one G4 motif (Tables S3 and S4 ). Together, this computational screen and positional frequency analysis have uncovered an extraordinary number of genes with potential to adopt G4, non-B-form DNA structures at locations implicated in the major gene regulatory processes of transcription, splicing, and translation.
We next examined the evolutionary conservation of G4 motifs in homologs of maize genes. If the presence of these elements were non-functional or coincidental, then no evolutionary conservation would be expected. To test for the most parsimonious explanation, i.e., functional conservation, we examined conserved orthologs of maize G4 motif-containing genes and plotted the results as shown in Fig. 3 . The positional frequencies of antisense G4 motifs for maize genes were classified according to the quality of gene model evidence within maize, and according to the degree of conservation between these genes and their syntenic counterparts in four relatives of maize. These relatives are, in order of increasing evolutionary divergence: sorghum, foxtail millet, brachy, and rice. This analysis shows that the "lowest quality" genes (i.e., those within the working gene set (WGS), but rejected from the higher quality filtered gene set (FGS); Fig. 3A , orange segment), show negligible likelihood of carrying an antisense/ template G4 motif. These rejected genes include pseudogenes, gene fragments, or gene-like sequences for which mRNAs evidence is lacking or minimal. Within the FGS, we observe an increasing prevalence of antisense/template G4 motifs as we go from genes found only in maize (Fig. 3A , blue segment), to those found in maize and any two of the four pangrass relatives (Fig. 3A, gold segment) . The highest G4 motif densities occurred in the most highly-conserved genes, those with known syntenic orthologs (syntelogs) in all four of the other pan-grass species (Fig. 3A , blue segment), with G4 frequency peaks just downstream of the TSS (Fig. 3B) . Taken together, this analysis supports the idea that the maize genic G4 motifs represent a large group of sequence motifs with evolutionarily constrained locations relative to gene structures in the grass family of plants.
Metabolic pathway analysis associates maize G4 motifs with genes for responses to hypoxia, redox, and nutrient stresses We next examined another prediction of the computational screen for maize G4 motif-containing genes, that potential for co-regulated roles could be revealed by analysis of functional groupings for genes containing G4 motifs. Functional classification of genes could reveal this trend, while also pointing to possible regulatory roles of these motifs. We explored the biological function of maize G4 motif-containing genes using the metabolic pathway databases MaizeCyc (Karp et al., 2010; Monaco et al., 2013) and MapMan (Thimm et al., 2004) , looking specifically for non-random distribution of these genes among the many pathways depicted. These subsets comprise the "conserved" (one or more species contain syntelogs to the maize gene; third horizontal bar) or "highly-conserved" (5 grass species contain syntelogs to the maize gene; fourth horizontal bar) gene sets. Each of the top three bars is segmented into two colors: the gray segment contains only genes that meet criteria to be included in the subsequent subset. The orange segment of WGS represents genes that were filtered out to designate a high-quality FGS. The green segment contains FGS-specific genes that have no syntelogs. Within the syntenic subsets, the gold segment contains FGS-specific maize genes that are represented by a syntelog in one to four of the five grass species interrogated. The blue segment, which encompasses the fourth bar, represents maize genes with syntelogs in all five grass species compared. B: Following the color coding convention defined in panel A, template/antisense G4 motif ratios (y axis) for the four annotated gene subsets are plotted against distance from TSS (x axis).
We used the MaizeCyc gene expression omics tool to colorcode the presence or absence of G4 motif-containing genes as shown in Fig. 4 . According to the positional hotspot peaks of G4 motif locations, we developed three sets of gene lists: A5U, A5I1, and AUG (defined in Fig. 2 , Lists 1e5). We showed the MaizeCyc display for the gene list from one of these groups, A5U, using orange and red lines to indicate enzymatic steps to which one of our listed genes has been mapped ( Fig. 4A ). Several pathways were identified by this method and are enlarged for each of the three categories, A5U, A5I1, and AUG (Fig. 4B ). These pathways include aerobic respiration, Glycolysis, parts of the TCA cycle, and two inositol phosphate-related pathways ( Fig. 4B and C, pathways 5 and 6). The html files of omics overview pathway, like that shown for the A5U (A5U-List 1, A5U-List 2, Fig. 4A ), were produced for these and the other two gene lists (A5I1-List 3, AUG-List 4, and AUG-List 5) and made available as webbrowser files for mouse-over identification of the pathways with G4 motif-containing genes (URLs in Table S5 ).
Among the notable G4 motif-containing genes observed using the MaizeCyc omics viewer were numerous genes also reported to modulate responses to hypoxia in diverse plant species (Bailey-Serres et al., 2012a) . Select examples from specific biological processes or pathways are listed in Table 1 , along with the gene model ID, chromosome location, and class of G4 motif contained therein. For instance, in maize, the sucrose synthase gene encoded by Shrunken1 contains an A5U G4 motif, and this gene is also induced by hypoxia (Sachs et al., 1980) and was expressed in the low-oxygen region of the endosperm of developing maize seed (Zeng et al., 1998) . Using Fisher's exact test for non-random associations between antisense G4 motifs in genes or gene locations and these metabolic pathways, we found evidence of either enrichment or depletion, as summarized in Table 2 . For instance, the G4 motifs of A5U-List 1 were enriched 5-fold ( p ¼ 1.8E-4) for the sucrose degradation III/"Pathway 4", a pathway to which Shrunken1 is assigned.
Unexpectedly, two recurring sets of genes involved in myoinositol and phytic acid biosynthesis that have not previously been associated with plant response to hypoxia were observed in our G4 motif screen ( Fig. 4B and C, pathways 5 and 6, and Table 1 ). Detection of these pathways raises questions of Oxidative stress signaling *dj1a1, DJ-1A GATase1-domains1 DJ-1a/PARK7-like GATase1-like (PF01965) A5U(G4v2-39277) GRMZM2G102927 3.01 a Maize Locus Name; current gene name from MaizeGDB (MaizeGDB.org) annotation, listed as the short name followed by the full name. Genes named anew in this study are indicated with an asterisk preceding the short name. Synonyms are given for some loci/gene names in parentheses following the full name. Some genes are designated using suggested nomenclature from specialized databases, including those curated by "ChromDB" (the chromatin database, chromdb.org) for chromatin remodeling gene (prefix "chr") and histone H3 (prefix "htr") and those for plant transcription factors, curated by "Grassius" (grassius.org, Gray et al., 2009 ) for ethylene response element binding protein (prefix "ZmEREB"), basic region leucine zipper (prefix "ZmbZIP"), auxin response factor (prefix "ZmARF " or "arf ") and CCAAT-HAP2 family (prefix "ZmCA2P" or "ca2p"). The bzip11c locus is also known to encode the gene known as lip15, low temperature induced transcription factor15;
b The column named "Protein Product" refers to the name of the encoded gene product or enzyme known or predicted, along with the PFAM domain identifier in parenthesis, as reported from MaizeGDB. Predicted proteins are all from the only or 1st transcript model (T01, P01), unless otherwise designated. Abbreviations used in this column in order of appearance: PF/PFAM, protein family database (http://pfam.sanger.ac.uk/, Punta et al., 2011); NADPH, the 635 reduced form of nicotinamide adenine dinucleotide phosphate; PPP, pentose phosphate pathway; NADH, the reduced form of nicotinamide adenine dinucleotide; RAPTOR, regulatory-associated protein of mTOR (mammalian target of rapamycin); TOR, target of rapamycin; AMPK, 5 0 adenosine monophosphate-activated protein kinase; SnRK, SNF-(sucrose non-fermenting)-related serine/threonine-protein kinase; CBM48, carbohydrate binding module 48, a domain that is a member of the N-terminal Early set domain, a glycogen binding domain associated with the catalytic domain of AMP-activated protein kinase beta subunit; CBS, cystathionine beta synthase domain (also known as Bateman domain) that regulates the activity of associated enzymatic and transporter domains in response to binding molecules with adenosyl groups, AMP and ATP, or s-adenosylmethionine; bZIP11, basic leucine zipper transcription factor of the bZIP11 family of the group S bZIP TFs (Jakoby et al., 2002) ; DJ-1/PARK7, oncogene DJ1/Parkinson Disease 7; GATase1; type 1 glutamine amidotransferase; ERF; ethylene response factor; AP2, APETALA2; CRIB, Cdc42/Rac interactive binding; SNF2, sucrose non-fermenting 2; HIRAN, HIP116, Rad5p N-terminal; RING, really interesting new gene; RAD5, radiation sensitive 5; OGG1, 8-oxoguanine DNA glycosylase 1; c Genic G4 motif classes are listed as defined in this study (Fig. 2) . Multiple elements in the same class are listed by leading number and dash. For example 2-A5U indicates two G4 motifs within the Antisense 5 0 UTR. Classifier abbreviations: A5U, antisense strand 5 0 UTR; A5U/TSS, A5U/overlapping with the transcription start site; A5I1, antisense 5 0 end of Intron 1; AUG, sense strand near the "AUG" start codon; S3U, sense strand 3 0 UTR; AI, antisense strand non-first intron followed by the intron number; AORF, antisense ORF followed by the exon number for intron-containing genes; SI, sense strand intron followed by intron number; AP, antisense promoter followed by a dash and the number of bases upstream of the TSS. The name(s) of each G4 motifs is listed in parentheses;
d Gene model ID: From maizesequence.org, from the filtered gene set of B73 line of maize. For genes with multiple transcript models, predicted proteins are all from the only or 1st transcript model (T01, P01), unless otherwise designated; e Genetic BIN refers to the chromosome number followed by the genetic linkage bin as defined by Davis et al. (1999) Nakano et al., 2006) include hypoxia responsive ERF TFs (loci/gene name "hre") and hypoxia responsive related to AP2 (RAP2.2/RAP2.12) TFs (loci/gene name "hrap"). The hre and hrap genes listed here fall in the AP2-EREBP (APETALA2 e ethylene response element binding protein) group as described by Gray et al. (2009) and curated by the grass TF database, grassius.org. The recommended grassius gene names are listed here as synonyms in parentheses;
i The locus/gene bzip11c is also known as lip15, low temperature induced protein15;
j Genes from the base excision repair pathway from the KEGG pathway zma03410 (KEGG, http://www.genome.jp/dbget-bin/www_bget?zma03410) are included here because of their reported role in G4-associated hypoxia-induced transcription (Clark et al., 2012) . a MaizeCyc pathways 1e5 are the same as those shown in Fig. 4C , and are from the Metabolic Pathways in Maize (MaizeCyc 2.2, http://maizecyc.maizegdb.org/); b G4 motif fold enrichment (>1.0) or depletion (<1.0) values were calculated as the ratio of observed (numerator) relative to the predicted (numerator) number based on the regional average for the filtered gene set. Fisher's exact test p-values, assuming the null hypothesis, are given in parentheses. Measurements are marked for significance levels of p-value 0.05 (one asterisk) or p-value 0.01 (two asterisks); c Gene regions: A5U, antisense 5 0 UTR; A5I1, antisense 5 0 end of intron 1; as defined in Fig. 2 and recorded in Tables S3 and S4 ; d Whole gene regions span the entire gene model or the designated canonical transcript for the genes with multiple transcript models. possible relationships between inositol metabolism and plant hypoxia, especially in endosperm. We also note, however, that all G4 motifs need not be associated with a singular or shared function. In fact, given the myriad processes templated by nucleic acids, it is possible that we have detected some pathways merely coincidentally linked by shared G4 motifs.
To further explore the possible link between hypoxiaresponsiveness and G4 motif-containing genes, we crossreferenced our gene lists with those from transcriptomic analysis of hypoxic responses (Bailey-Serres et al., 2012a) and those from a recent study showing that hypoxia triggers acquisition of male germ-cell fate (Kelliher and Walbot, 2012) , and found that genes associated with hypoxia were more likely to have G4 motifs than were other genes, with a 1.5-fold enrichment for genes in our A5U-List 1 group. In addition to hypoxia-associated genes (Licausi et al., 2011), we found an intriguing abundance of G4 motifs, especially the A5U type, in signaling genes associated with energy homeostasis. Due to the overlapping nature of low-oxygen and lowsugar signaling (Zeng et al., 1998; Koch et al., 2000) , as well as their response pathways, we included many of these genes in Table 1 . For instance, many genes associated with the TOR, AMP kinase (AMPK)/Snf-related kinase (SnRK), and oxidative stress signaling (DJ-1/PARK7) pathways have one or more G4 motifs (Table 1) , possibly signifying a shared capacity for G4 motifs to aid the regulatory, signaling, and metabolic adjustments to energy status (Xu et al., 2010; Robaglia et al., 2012; Dobrenel et al., 2013) . In addition to energy-state-responsive genes, we also found G4 motifs associated with genes for base and excision repair pathways (Table 1) . Interestingly, a role for G4s and DNA repair in redox-associated transcriptional regulation has recently been described for specific genes in humans (Ruchko et al., 2009; Clark et al., 2012) . The functional grouping of genes with G4 motifs suggests the possibility that these sequences may provide a previously unrecognized link connecting several different gene response pathways in maize.
Oligonucleotides with maize G4 motifs can form quadruplex structures in vitro
We tested several oligonucleotides with genic G4 motifs to see whether they could fold into G4 structures in vitro as summarized in Fig. 5AeE . Single-stranded synthetic oligonucleotides were incubated under G4-forming conditions, and thermal difference spectra showed a diagnostic G4-specific increase in absorption at 295 nm (Fig. 5GÀF ). This A 295 signature was observed in a positive control sample of human telomere repeat DNA, (TTAGGG) 4 , and also in a plant telomere oligonucleotide sample (TTTAGGG) 4 , under the same conditions (Fig. 5F ). The locations of several genic G4 motifs in the shrunken1 and hexokinase4 genes are shown. Oligonucleotides with mutations that altered the G-tracts ("mut" in Fig 5. ), or wild-type oligonucleotides in the absence of potassium, failed to show spectra indicative of G4 structures in these assays. These results were corroborated using circular dichroism spectroscopy (data not shown). Together, these results confirmed our expectation that computationallypredicted G4 motifs can adopt quadruplex structures in vitro.
DISCUSSION
Computational prediction and analysis of G4 motifs from the genome sequence of a major crop species reveals that these elements in maize are widespread, predominantly located in genes, and present in those with shared functions in hypoxic responses, energy metabolism, and inositol phosphate metabolism. Using the Quadparser algorithm, we have named and classified nearly 150,000 G4 motifs, collectively covering over 2.22 Mb of the maize genome. The number of G4 motifs found in the repeat-masked region of the maize genome (w43,000) is similar in scale to the number w40,000, found in rice (Takahashi et al., 2012) . If these serve as functional DNA elements in plants and, more broadly, in all eukaryotic species, then the G4 motifs can be regarded as one of the largest groups of cis-acting genetic motifs known. They would thus be comparable to other major genic cis-acting elements including general transcriptional initiation motifs (TATA boxes) and RNA processing signals (splicing elements, polyA addition signals). This study, together with that of Takahashi et al. (2012) , establishes G4 motifs as a major and largely uncharacterized entry in the encyclopedia of DNA elements in plants. The relative paucity of G4 motifs in Arabidopsis (Takahashi et al., 2012 ) is intriguing, possibly reflecting the reduced capacity of this species to resolve non-telomeric G4 motifs in comparison to maize or rice.
Systematic examination of locations for G4 motifs in maize genes revealed that for any given gene, there were two major hotspots at sites we designated A5U and A5I1. Together these two positions accounted for more than 90% of all the geneassociated G4 motifs. Given the locations of the A5U and A5I1 elements relative to TSSs and the first exon-intron boundary, we speculate a role for these maize G4 motif elements in transcription. More specifically, we find compelling the prediction that they impact the processivity of RNA polymerases. We find intriguing and unexpected the fact that maize and humans share G4 hotspot locations, but on opposite strands. Specifically, in humans, most of the TSS and 1st-intron G4 motifs are on the sense (coding/non-template) strand (summarized in Maizels and Gray, 2013) , whereas in maize, the TSS-and 1st-intron-associated G4 motifs are almost entirely on the antisense (template) strand (Fig. 2) . The biological significance of this difference is not known, but may reflect a divergent evolutionary deployment of G4 motifs for genetic functions in different phylogenetic taxa. These G4 motifs could also provide strand-independent cis-regulatory functions as structure-specific nucleation or recruitment sites for molecules involved in other processes such as DNA replication, strand-unwinding, DNA repair, epigenetic marking, chromatin-remodeling, or RNA metabolism.
A primary expectation at the outset of this study was that the identification of maize G4 motifs could reveal genes with shared regulation and function. Initially prompted by the detection of a G4 motif in the promoter of a maize sucrose synthase gene, shrunken1, we extended analyses to the entire genome. Metabolic pathway analysis, summarized in Fig. 4 , showed a striking pattern of G4 motifs common to genes encoding key enzymes in energy metabolism. Prominent among these were enzymes for the altered carbohydrate metabolism and redox reactions that would be important for plant cell acclimation under hypoxia. Such hypoxic conditions can occur naturally, for example in some cells of phloem, endosperm, and anthers, or as a result of environmental conditions such as flooding (Rolletschek et al., 2005; Rolletschek et al., 2011; Bailey-Serres et al., 2012a , 2012b . Hallmarks of metabolic adjustments for hypoxic survival summarized in recent studies and reviews include substrate-level ATP production, increased glycolytic flux, tight regulation of mobile reductants (malate, oxoglutarate, and oxaloacetate) and the integration of sugar-signaling pathways (Bouche and Fromm, 2004; Noctor, 2005, 2011; Bailey-Serres and Voesenek, 2008; Robaglia et al., 2012; Bailey-Serres et al., 2012a; Dobrenel et al., 2013) . Remarkably, many of these same pathways were highlighted when G4 motif-containing genes were visualized using the omics viewer tools of the MaizeCyc database ( Fig. 4 and Table 1 ). Associations persisted when we examined a more specific subset of genes including transcription factors involved in signaling of hypoxic and lowsugar status (Table 1) .
In considering the two bodies of information discussed heredthe G4 motif genic location non-random hotspots, and the functional classification of genes that contain them, we propose a generalized model in Fig. 6 to integrate our findings and suggest mechanistic hypotheses for future investigations. We have documented the prevalence of G4 motifs in many genes responsive to extreme energy states. From this, we predict that G4 motifs in maize may represent a common functional component in genetic responses to multiple overlapping signals of energy status (Fig. 6A) . In support of this idea are the observations that G4 motifs are found in numerous genes encoding members of the AMPK/SnRK, NrF2-realated, and hypoxia-responsive transcription factors (Table 1) . Furthermore, these signaling pathways affect downstream regulation of genes coding for core metabolic enzymes that produce ATP under low-oxygen or low-sugar conditions. A simple mechanistic model for the possible function of G4 DNA in gene expression is summarized (Fig. 6B) for both transcription and translation. In this model, the physical impediment or "kink" in the template caused by the G4 could reduce or block RNA or protein synthesis along the G4-containing template. Resolution of the "kink" could then occur through the activity of trans-acting factors that respond to signals of energy status. Findings that support this sort of idea include transcriptional roles for G4 DNA in several animal genes, including c-Myc, KRAS, and VEGF (Cogoi and Xodo, 2006; Breit et al., 2008; Brown et al., 2011b) . These data, together with findings from other studies, including those using polymerase stop-assays, were taken into consideration in developing this model (Sun and Hurley, 2010) . There is little doubt that the mode of action may be more complex and multifactorial than a simple G4-kink-based block that is resolved for an increase gene expression. For instance, mechanistic models from research on G4 elements in animal gene promoters invoke interactions of multiple trans-acting factors in and around the quadruplex (reviewed in . For these reasons, we include the concept of "licensing" G4 motif-containing genes for adjustments coupled to extreme energy states (Fig. 6B) . Direct resolution of G4s would be only one of several potential molecular mechanisms. More detailed molecular or biochemical analysis will be required to test aspects of this model and define additional contributing mechanisms. Evidence in support of the existence of G4-binding protein in maize comes from a recent G4 ligand-binding screen in which maize nucleoside diphosphate kinase1 (ZmNDPK1) was discovered to exhibit high affinity G4 DNA binding activity in vitro (Kopylov, Bass, and Stroupe, unpublished observations) to a G4 DNA element from the A5U region of the maize hexokinase4 gene (motif G4v2-53046, Table 1) .
A particularly intriguing finding was the occurrence of A5U-type G4 motifs in maize homologs of hypoxiaresponsive transcription factors belonging to the HRE and RAP2 group VII ethylene response factors (Nakano et al., 2006) . These plant-specific, oxygen-sensing transcription factors were recently found to be stabilized under low-oxygen conditions via a Cys-dependent, N-end turnover pathway (Gibbs et al., 2011; Licausi et al., 2011) . Once stabilized, they are proposed to enter the nucleus and mediate global transcriptional responses. Our findings point to a possible cisacting element with which the HRE and HRAP2 Fig. 5 . Location and folding of select G4 motifs. Each schematic shows 750 bases after the TSS and the last 250 bases of the canonical transcript for each given gene model. The arrow on top strand denotes the TSS, arrow on bottom strand denotes AUG, location of G4 motifs are depicted as a three-sheet stack on the appropriate strand, coding regions are wide black boxes, UTR regions are narrow black boxes, and introns are arrowed lines. A: Maize telomere (TTTAGGG repeat); B: shrunken1, sucrose synthase with an A5U overlapping the TSS; C: Maize hexokinase4, a hexokinase domain protein with three quadruplexes: A5U near the TSS, AUG overlapping the start codon, and a A5I1 in the first intron; D: Maize hre3 (GRMZM2G148333, hypoxia responsive ERF homologous3, Table 1 ) with one A5U G4 motif and one G4 motif on the template strand immediately after an alternative transcript coding stop site; E: Maize hrap2 (GRMZM2G171179, hypoxia responsive RAP2 homologous2, Table 1), with three tandem A5U G4 motifs (a quadruplex patch; see Table S2 for a list of all patches) between the TSS and start codon. F: Normalized UV absorbance thermal difference spectra for selected synthetic oligonucleotides in human telomeric repeat, maize telomeric repeat, and shrunken1 A5U. Human telomeric repeat was used in this experiment as a positive control. G4-characteristic TDS profile and prominent negative peak at A295 were obtained only for WT sequences annealed in the presence of 100 mmol/L potassium (filled triangles) but not for those annealed in TBA phosphate buffer alone (open triangles). Mutant sequences (mut) did not show G4-characteristic signature. The G4-characteristic signature is denoted by arrow and bracketed region for the first panel, H.s. telomere, and seen in other panels for the "WT þ K" samples (filled triangles). G: Normalized UV absorbance thermal difference spectra for three different G4 motif oligos in maize hexokinase4.
transcription factors may interact to modulate expression of specific sets of target genes. This situation is analogous to the regulation of a different, hypoxia-response transcription factor in animals, HIF-1a. This gene is also is stabilized under lowoxygen conditions, but by a different mechanism involving an oxygen-sensing prolyl-hydroxylase (Epstein et al., 2001; Ivan et al., 2001; Jaakkola et al., 2001) .
Our study also points to possible roles for G4 motifs in genes for biosynthesis of myo-inositol and phytic acid metabolism, and in genes for SnRK signaling pathways (Fig. 4 , pathways 5 and 6). We speculate that conservation and positioning of these G4 motifs are not coincidental, but rather represent functional commonalities among these pathways. Two important ways in which G4 motifs in these genes might aid survival are through direct metabolic effects, or through effects on signaling systems that ensure low-energy metabolic programs are operative. First, recent evidence indicates an increasingly close relationship between myo-inositol metabolism and stresses involving cellular energy status (BaileySerres and Voesenek, 2008; Bailey-Serres et al., 2012a) . Levels of this sugar-alcohol rise during hypoxia, nutrient deprivation, and perturbations of related sensing systems (Valluru and Van den Ende, 2011; Robaglia et al., 2012; Dobrenel et al., 2013) . The same stresses also increase levels of the myo-inositol metabolites, galactinol, raffinose, and phytate (Sulpice et al., 2010; Dobrenel et al., 2013; Wouters et al., 2013) , and likely also involve the phosphatidyl inositols (Sulpice et al., 2010; Valluru and Van den Ende, 2011; Dobrenel et al., 2013) . Suggested stress roles of raffinose, galactinol, and phytate include a possible parallel to their well-known storage functions in seeds (Valluru and Van den Ende, 2011) .
However, other roles may be more important to survival during starvation or hypoxia. Raffinose and galactinol, for example, can also arise during remobilization of starch or cell wall polysaccharides (Valluru and Van den Ende, 2011) , and further, can scavenge reactive oxygen species in vitro and in vivo (Valluru and Van den Ende, 2011) . In addition, sugaralcohol-forming reactions can serve as sinks for excess reductant (Nishizawa et al., 2008; Keunen et al., 2013) , and biosynthesis of myo-inositol can compete with starch formation in a potentially advantageous way under stress (Loescher, 1987; Shen et al., 1999; Sickler et al., 2007) . The non-storage, direct metabolic roles of phytate also affect the balance of Pi, PPi, and adenylates (Sulpice et al., 2010; Dobrenel et al., 2013) , which would be especially important for low-oxygen or starvation conditions as well as sieve tube or PPidependent tonoplast functions (Huber and Akazawa, 1986; Koch, 2004; Bailey-Serres and Voesenek, 2008; Fukao et al., 2011; Gibbs et al., 2011; Valluru and Van den Ende, 2011; Bailey-Serres et al., 2012a) .
Second, new research is revealing an even greater importance for the rapid, indirect action of myo-inositol metabolism in signaling systems. Previous work demonstrated diverse roles for myo-inositol-derived signaling molecules that include inositol tri-phosphate (Ins(1,4,5)P 3 ) and phosphatidylinositol cascades (Ferjani et al., 2011) . In addition, raffinose synthase can facilitate sucrose metabolism and myo-inositol cycling without production of hexoses (Valluru and Van den Ende, 2011) Fig. 6 . Models for role of G4 in expression of genes responsive to extreme energy states. In these models, various and primary signals of energy status are transduced via G-quadruplexes that affect the expression of their resident genes. The G4 motifs are depicted as a shared genetic component in genes that can respond to low-oxygen (hypoxia), low sugars (starvation/famine), or other signals (redox and nutrient balance). A: A generalized model with several different causes of energy extremes (dashed boxes) and their signaling pathway components (parentheses). Depicted here is the transduction of extreme energy status signals to nuclear G4 motif genes via unknown trans-acting factors. The prevalence of G4 motifs in the genes (in parenthesis) for the signaling pathway proteins implies auto-regulatory or feedback control (not depicted). In this general model, the G4 motif confers a capacity for prioritizing gene function in response to energy status information. B: A simple mechanistic model (G4 template "kink" model) depicting how G4 elements might influence gene expression levels on the basis of the position and strand of the G4 motifs classified as A5U-, A5I-, or AUG-(defined in Fig. 2 ). Transcription and translation are depicted separately, but both illustrate the concept of the G4 as a template strand physical impediment. For transcription, the G4 would prevent, reduce, or stall RNA polymerase (any RNA pol) activity at a G4 "kink" structure in the template. Similarly, for translation, the G4 would prevent, reduce, or stall ribosomal protein synthesis activity at a G4 "kink" structure in the template. "Resolution" denotes any processes that resolves, "unkinks", or unwinds G4 DNA or RNA into a structure more favorable for expression, upregulation, or transcriptional licensing of the associated gene. The "resolution" factors are not presumed to be the same for transcription and translation. Other modes of G4 action known to occur in nature could also act in maize, but are not depicted in this model. et al., 2013) . Recently, myo-inositol metabolism has been recognized as a hub of interaction between two major sensing systems for nutrient and energy status of cells (Koch, 1996; 2004; Ruan et al., 2010; Tiessen and Padilla-Chacon, 2012) . The TOR and SnRK complexes, respectively, sense nutrient abundance and deprivation (Dobrenel et al., 2013; Robaglia et al., 2012) , thus mediating feast and famine responses from cellular to whole organism levels (Robaglia et al., 2012; Caldana et al., 2013; Dobrenel et al., 2013; Xiong et al., 2013) . The responsiveness of both systems is vital to the adjustment of metabolism for survival of the changing cellular energy status (Koch, 1996 (Koch, , 2004 Ruan et al., 2010; Tiessen and Padilla-Chacon, 2012; Bihmidine et al., 2013) . Both are also integrally involved in responses to hypoxia and nutrient deprivation (Dobrenel et al., 2013) . In this regard, sugarmodifying enzymes are not viewed as merely metabolic substrates, but also as key signaling molecules, possibly requiring stringent control.
The G4 DNA elements are also known to affect telomere structure or maintenance for many eukaryotes. Telomere length is affected by hypoxia, and known to up-regulate the TERT subunit of telomerase in eukaryotes from fishes to humans (Yatabe et al., 2004; Yu et al., 2006) . Interestingly, in humans, the hTERT gene contains G4 elements (Palumbo et al., 2009 ). Analysis of the maize TERT gene (GRMZM2G167338) shows that it exists as a single copy in the maize genome, with several G4 motifs near the promoter and in the introns (Table 1) . This intriguing similarity points to a possible connection between G4 motifs, telomerase regulation, telomere metabolism and hypoxia. In plants, these relationships are further evidenced by the discovery of hypoxia as inductive to meiosis and germ-cell fate specification, a developmental time frame during which telomerase is active and genotype-based telomere length may be reset (Brown et al., 2011a; Kelliher and Walbot, 2012) .
Taken together, these data support a new hypothesis for functional significance of G4 motifs in maize and potentially elsewhere. Analysis of G4 motif distribution revealed their widespread association with genes for adjustment of cellular energy status, especially under extreme conditions. On the basis of these observations, we propose that G4 motifs reflect a previously unrecognized but widely conserved set of DNA sequences that could function in regulating genes central to the energy state of the cell.
MATERIALS AND METHODS
The maize genome, gene models, and syntenic grass gene lists Maize reference genome The maize inbred line B73 genome sequence was obtained from GenBank Accessions CM000777ÀCM000786 and GK000031ÀGK000034 (Schnable et al., 2012) , as an annotated assembly (B73 RefGen_v2: Release 5b.60) from MaizeGDB http://www.maizegdb.org (Sen et al., 2009) ; it consists of 10 pseudomolecule chromosomes (Chromosome 1ÀChromosome 10), 2 plasmid genomes (chloroplast and mitochondria), and a set of unmapped contigs (UNMAPPED). The 10 pseudomolecule chromosomes and unmapped contigs comprise approximately 2.07 billion base pairs, including 25.8 million unsequenced gap spaces, designated as "N"s and collectively constituting 1.2% of the genome sequence build.
Repeat-masked genome The non-repetitive portion of the maize genome was analyzed as a "masked" subset of the genomic data from http://gramene. org/Zea_mays/Info/Index (Schnable et al., 2009; YouensClark et al., 2011) . The mask was defined by the Munich Information Centre for Protein Sequences Repeat Catalog (MIPS/REcat) repeats (Youens-Clark et al., 2011) from http:// mips.helmholtz-muenchen.de/plant/and the Transposable Elements (TE) Consortium repeats, including LTR exemplars (Nussbaumer et al., 2013) . Collectively, the masked repetitive regions account for approximately 83% of the maize genome. The remaining portion (358 Mb in total), referred to in this study as the "repeat-masked genome," was used to limit some analyses to the low copy, gene-rich portion of the maize genome.
Gene models The B73 RefGen_v2 maize reference genome includes two sets of predicted gene models. The working gene set (WGS) consists of 109,704 non-overlapping candidate gene elements, produced by the union of genes from two different gene finding approaches e evidence-based gene predictions using GeneBuilder (SanMiguel et al., 1998; Schnable et al., 2009) and ab initio gene prediction models using FGENESH (Milanesi et al., 1999; Salamov and Solovyev, 2000) . The filtered gene set (FGS) is a 39,570 gene model subset of the WGS that excludes transposons, pseudogenes, contaminants, and other low-confidence annotations. For gene models with more than one transcript model, the transcript with the largest coding sequence, i.e., the 'canonical' transcript model, was analyzed or tabulated. Consequently, some G4 motifs may be associated with two or more different structures (intron versus exon, for example) for genes with multiple transcript models.
Maize syntenic orthologs Syntenic orthologs (also called syntelogs) of maize genes were analyzed from four grass (Poaceae family) species: Sorghum bicolor (sorghum), Setaria italica (foxtail millet), Oryza sativa (rice), or Brachypodium distachyon (purple false brome or brachy). This set of pan-grass syntenic orthologs, compiled as described by Schnable et al. (2012) , were obtained as gene model transcript sequences from Phytozome at http://www. phytozome.net (Goodstein et al., 2012) . The numbers of gene models from this set were 25,507 from S. bicolor (release 79), 23,216 from S. italica (release 164), 66,338 from O. sativa (release 193), and 31,229 from B. distachyon (release 192) . In this study, maize genes were called "conserved" only if they had at least one designated syntelog in any of the other four grass species, whereas they were called "highlyconserved" maize genes if they had designated syntelogs in all four of the other grass species.
G4 quadruplex motif nomenclature
In this study, G4 motifs in maize were defined as contiguous single-stranded sequences that match the G 3 L 1-7 pattern, sometimes referred to as the default or strict G4 motif formula, using the Quadparser software (Huppert and Balasubramanian, 2005) . In this formula, G 3þ L 1-7 G 3þ L 1-7 G 3þ L 1-7 G 3þ , the "3þ" refers to 3 or more sequential Gs and "L" refers to loops of any nucleotide length from 1e7. The resulting 149,520 nonoverlapping maize G4 motifs were assigned unique names ranging from G4v2_1 to G4v2_149520. Each G4 motif site spans from the first to the last G and is defined by its assignment to a chromosome, with designated start and stop chromosomal coordinates and strand, plus(þ) or minus(À) (149,520 G4 motifs listed in Table S1 ). For each of the chromosomes, the plus strand refers to the "top strand" which has its 5 0 end in the short arm displayed at left in browsers and at top for maize karyotype diagrams. The G4 motifs were numbered sequentially one chromosome at a time, starting with the top strand, in the short to long arm direction, and ending with bottom strand, also in the short to long arm direction. The "strand" assignment is relative to the chromosomal strand, not relative to the transcript direction. To distinguish those, gene-associated strand assignments were designated sense (coding) or antisense (template) such that a plus-stranded G4 motif might also have a gene-related designation of sense or antisense strand.
A large number of G4 motifs were found to occur in clusters on the same strand. We designated these "G4 patch motifs", defined by us as requiring the first base of three or more G4 motifs to reside on the same strand within a 300 bp window (6911 G4 motif patches listed in Table S2 ). G4 motifs associated with genes are listed and annotated in Table S3 . The G4 motifs from the gene lists (List 1ÀList 5, described in the Results) are provided in Table S4 .
Analysis of observed and simulated G4 motif distributions relative to gene structure The relative distributions of G4 motifs were characterized in two ways. First, they were mapped by assignment to six bins defined in relation to the transcription start site (TSS, þ1 bp) for each gene model using the designated canonical transcript. These six bins included the TSS-relative bp segments at À1000 to À301, À300 to À101, À100 to À1, þ1 to þ100, þ101 to þ300, and þ301 to þ1000. The G4 motif density was calculated as the total number per Mbp. Second, the G4 motif distributions were quantified in relation to gene structural boundaries and strand (sense versus antisense), using windows centered at the boundary of interest: the TSS (À1//þ1), the start codon (5 0 UTR//AUG), or the first exon-intron junction (3 0 end of exon1//5 0 end of intron 1). Regions with sequence assembly gaps or unresolved BAC boundaries were excluded from the analysis. Each base position overlapping with a G4 motif was incremented by þ1 for plotting (Fig. 2) .
For randomized-sequence gene model simulations, a 40,000-gene randomized set of sequence simulations was produced for each of the three boundaries by sampling from the position-specific base plus strand frequency tables produced from the empirical dataset of Zea mays B73 RefGen_v2 Filtered Gene Set (downloaded from Phytozome 9 Genomes from Phytozome Biomart). In this way, the base composition was preserved in relation to strand plus location in the randomized sequence simulations. The Quadparser program (Huppert and Balasubramanian, 2005) was used to analyze the 40,000 random gene-simulation sequences using the same parameters as those for the maize genome to allow side-byside plotting (Fig. 2) of the abundances in observed versus predicted G4 motifs.
Metabolic pathway analysis
Genes with G4 motifs were examined for possible functional similarities using two online interactive databases, MaizeCyc (Monaco et al., 2013) and MapMan, accessed via http://mapman. gabipd.org and http://maizecyc.maizegdb.org, or http://pathway. gramene.org/MAIZE/class-tree?object¼Pathways. The cellular omics tool of version 2.0.2 of MaizeCyc (built on RefGen_v2) and the MapMan program (version 3.5.0 standalone program, Zm_GENOME_RELEASE_09 mapping dataset for B73 RefGen_v2) were used. Both tools, designed for visualizing microarray data, were used with the gene lists (Lists 1À5, defined in the Results) as inputs to generate color-coded representation maps (URLs provided in Table S5 ). In this study, we produced MaizeCyc output web-browser (html) graphics files using red or orange to denote enzymes from genes with G4 motifs, blue to denote those that lack G4 motifs, and grey to denote those lacking any assigned maize gene model.
Pathway enrichment was quantified statistically using the Fisher's exact test, similar to the chi-square test, for nonrandom associations between G4 motifs found in gene models or specific sub-regions of genes (e.g., A5U, List 1, List 2) and their relative abundance in particular metabolic pathways. Fisher's exact test was used because of the relatively small sample number of genes per pathway. For select pathways described in this paper, we tabulated the enrichment (relative abundance values > 1.0) or depletion (relative abundance values <1.0) and the p-value for the corresponding enrichment or depletion. The values for the whole genes or for specified sub-regions of genes (Lists 1À5, Fig. 1 ) are summarized in Table 1 .
Nomenclature for genes named in this study
In maize, the locus (gene) is represented by a unique italicized lowercase word or phrase. Each gene model locus in maize is assigned a unique gene ID (GRMZM number) and the associated gene locus pages list other synonyms for each gene or locus. Experimentally characterized dominant alleles are represented with an upper case first letter (e.g., Shrunken1) or lowercase for known recessive alleles (e.g., shrunken1). In the absence of evidence on mode of inheritance, lowercase italics gene names are used by convention (http://maizegdb.org/maize_nomenclature. php). Genes that were newly-named in this study were done so in consultation with MaizeGDB curators (courtesy M. Schaeffer) and on the basis of named homologs from other species or protein domain composition collated by the Conserved Domain Database collection (Marchler-Bauer et al., 2013) .
In vitro folding assays for oligonucleotides with G4 motifs Oligonucleotide folding conditions All oligonucleotides (Eurofins-MWG-Operon, Huntsville, Alabama, USA) were received salt-free, purified and hydrated to 300 mmol/L in water. Oligonucleotide sequences for the Grich strands were either wild-type (wt) sequences mutants (mut, changed bases underlined) for use as G4-incompatible controls. The oligonucleotides are given 5 0 to 3 0 and designed to represent human telomere repeat DNA: HsTe lo4xG_wt, GGATACTTAGGGTTAGGGTTAGGGTTAGGG CGAGTC; HsTelo4xG_mut, GGATACTTAGAGTTAGC GTTAGCGTTAGCGCGAGTC; maize telomere repeat DNA: ZmTelo4xG_wt, GGATACTTTAGGGTTTAGGGTTTAGGG TTTAGGGCGAGTC; ZmTelo4xG_mut, GGATACTTTAGC GTTTAGAGTTTAGCGTTTAGAGCGAGTC; the shrunken1 A5U: sh1_A5U_wt, GGGAGGGAGGGTTTCTCTGGGAC GGGAGAGGG, sh1_A5U_mut, GGGAGTGAGGGTTTCT CTGTGACGGGAGAGTG: the hexokinase4 A5U: hex4_ A5U_wt, CGGGGGTGTTGAAGGGAGGAGGAGGGAG GGG; hex4_A5U_mut CGACGGTGTTGAAGCGAGGAG GAGCGAGCGG; the hexokinase4 A5I1: hex4_A5I1_wt, TGGGGTGGGGGGGGAGCGGG; hex4_A5I1_mut, TGG AGTCGGAGGAGAGCGCG: and the hexokinase4 ATG: hex4_ATG_wt, CGGGGGGATGGGGCGGGTCGGG: hex4_ ATG_mut, CGAGGCGATGAGGCGAGTCGAG. Oligonucleotides were diluted to 10 mmol/L in 10 mmol/L tetrabutylammonium phosphate buffer pH 7.5 supplemented with or without 100 mmol/L KCl, heated in a 1.5 mL polypropylene microfuge tube to 95 C for 15 min on a heat block, then slowly cooled via w8 h drift down to room temperature, then used for spectra or stored at 4 C.
Thermal difference absorption spectroscopy Oligonucleotides were subjected to folding conditions, diluted to 2.5 mmol/L, and added to capped quartz cuvettes with 10 mm optical path length for spectroscopy using a Cary 300 Bio UV-Vis spectrophotometer equipped with a Varian Cary Peltier cooler. Each measurement was determined from the average of three spectra spanning 230À330 nm at 30 nm/ min and 1 nm data intervals. Spectra were taken at 25 C and again after heating to 90 C for 20 min. The averaged thermal difference spectra (values at 90
C minus values at 25 C) were calculated and normalized by setting the value at 330 nm to zero and the highest positive peak value to 1.0 before plotting.
Circular dichroism (CD) spectroscopy CD spectra (Fig. S1) were also collected on the 10 mmol/L folded oligonucleotide samples, without dilution, at 25 C on an AVIV 202 CD spectrometer using a quartz cuvette with 1 mm optical path. Data were collected at a 200À330 nm range using 3 scans at 15 nm/min, 0.33 s settling time and 1 nm bandwidth. Buffer baseline was recorded using the same parameters and subtracted from the sample spectra before plotting. Table S1 . All maize G4 motifs, names and locations. Table S2 . G4 patch motifs, names and locations. Table S3 . Maize Genes with G4 motifs and related annotations. Table S4 . Gene lists classified by G4 motif locations. 
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